Aims/hypothesis Insulin resistance is caused by numerous factors including inflammation. It is characterised by defective insulin stimulation of adipocyte and muscle glucose transport, which requires the glucose transporter GLUT4 translocation towards the plasma membrane. Defects in insulin signalling can cause insulin resistance, but alterations in GLUT4 trafficking could also play a role. Our goal was to determine whether proteins controlling GLUT4 trafficking are altered in insulin resistance linked to obesity.
Introduction
Insulin plays a crucial role in metabolic homeostasis by inhibiting hepatic glucose production and by increasing the disposal of postprandial glucose into adipocytes and muscles. Insulin induces translocation of the glucose transporter GLUT4 from intracellular organelles to the plasma membrane thus increasing glucose uptake [1, 2] , a process which is altered in insulin resistance [3, 4] . The precise mechanisms underlying this defective insulin action are not fully understood, but certainly result from alterations in the pathway leading to the stimulation of glucose transport by insulin, i.e. alterations located between the insulin receptors and GLUT4.
Low-grade inflammation is associated with obesity and is tightly linked to insulin resistance [5] . Many inflammatory cytokines have been involved in the alteration of insulin signalling, thus providing molecular links between inflammation and insulin resistance [6] . Inflammation causes deregulation of the IRS, as reviewed [7, 8] , with consequences in activation of the phosphatidylinositol 3-kinase/Akt pathway, which is essential for insulin-stimulated glucose transport [9] . However, partial inhibition of IRS function is not sufficient to have a major effect on insulin-induced glucose transport, since insulin action is normal in Irs1 +/− mice [10] or in mice with a partial knockdown of Irs1 in skeletal muscle [11] . In accordance, it has recently been established by studying various in vitro and in vivo insulinresistant models that the most deleterious defects in insulin action could also occur independently of IRS proteins [3] .
The decrease in insulin-induced glucose transport occurring in adipocytes from insulin-resistant patients could also result from a decrease in GLUT4 levels [12, 13] . In addition, alterations in GLUT4 localisation have been revealed by differences in sedimentation properties of GLUT4-containing structures in adipocytes and also in muscle from diabetic patients [14] [15] [16] . This GLUT4 mislocalisation could contribute to altered insulin-induced glucose transport because the ability of insulin to recruit GLUT4 at the plasma membrane results from the specific characteristics of GLUT4 trafficking [17] . Perturbations of this trafficking through the use of mutations in key motifs of the transporters result in altered insulin-induced GLUT4 recruitment from intracellular compartments to the plasma membrane [18] . However, the mechanisms involved in the perturbation of GLUT4 localisation in insulin resistance are currently unknown, but we made the hypothesis that alterations in the levels of proteins involved in the control of GLUT4 trafficking could play a role.
Considerable progress has been made on the identification of proteins involved in the control of GLUT4 trafficking [17] . For example, it is now well-established that the vesicle/target soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) complex (vesicleassociated membrane protein [VAMP]2/syntaxin 4) and its regulators (mammalian homologue of Caenorhabditis elegans unc-18 isoform c [MUNC18C], syntaxin 4-binding protein [SYNIP] ) play an essential role in the insulinregulated tethering/fusion of GLUT4-containing vesicles from the insulin-responsive compartment (IRC) with the plasma membrane [19] . Several proteins, such as Golgilocalising γ-adaptin ear homology domain, ARF-binding protein (GGA)-1, sortilin and syntaxin 6 have also been identified to play a role in GLUT4 targeting to the IRC and possibly also in the genesis of this specific compartment in cultured adipocytes [20] [21] [22] . Interestingly, in vivo deregulation of the expression of Munc18c or Stx4 causes decreased whole-body insulin sensitivity and also muscle insulin resistance [23, 24] . It remains to be determined whether such abnormal regulations exist in insulin-resistant situations.
In the present study, we examined whether levels of key proteins involved in the control of GLUT4 trafficking are altered in obesity. We found that levels of sortilin are decreased in adipose tissues of morbidly obese humans and mice, and in skeletal muscle of obese mice. We provide evidence for a role of TNF-α in the downregulation of the gene encoding sortilin (Sort1) expression and sortilin production. Our data thus suggest that the inflammatory state linked to obesity could contribute to insulin resistance by modulating levels of proteins involved in GLUT4 trafficking.
Methods
Antibodies Antibodies against sortilin were from BD Biosciences (San Jose, CA, USA) whereas antibodies against tubulin were from Sigma-Aldrich (St Louis, MO, USA). Horseradish peroxidase-coupled anti-species antibodies were from Jackson ImmunoResearch Laboratories (West Grove, PA, USA).
Primers for real-time PCR Primers were designed using Primer Express software (Applied Biosystems, Austin, TX, USA) and synthetised by Eurogentec (Seraing, Belgium). A list is available in Electronic supplementary material (ESM) Table 1 . Each primer couple was validated by character-ising the slopes of C t over a range of three log dilutions and the curve of temperature dissociation of the amplicons.
Reagents TNF-α and IL6 were obtained from PeProtech (Neuilly sur Seine, France). Rosiglitazone was from Axxora, LLC (San Diego, CA, USA). Trizol and cultured medium were from Invitrogen SARL (Cergy Pontoise, France). Other chemicals were from Sigma-Aldrich.
Human subcutaneous adipose tissues biopsies Morbidly obese women were selected through the Department of Digestive Surgery, where they underwent elective bariatric surgery. We selected for this study six obese women (age 32.0 ± 8. Cells 3T3-L1 fibroblasts were cultured in DMEM-10% (vol./vol.) FCS and induced to differentiate in adipocytes as previously described [25] . Briefly, 3 days after confluence, fibroblasts were treated for 2 days with DMEM-10% FCS (vol./vol.) supplemented with isobutyl methylxanthine (250 nmol/l), dexamethasone (250 nmol/l) and insulin (800 nmol/l), and then for two additional days with DMEM-10% FCS containing 800 nmol/l insulin. Cells were used between day 2 and 7 after the end of the differentiation protocol when the adipocyte phenotype appeared in more than 90% of the cells.
Human pre-adipocytes (Biopredic, Rennes, France) were grown as previously described [12] . Differentiation was induced after confluence by changing the medium for DMEM-Ham's F12-HEPES (15 mmol/l), containing 2 mmol/l L-glutamine, 3% FCS (vol./vol.), 33 µmol/l biotin, 100 nmol/l insulin, 17 µmol/l pantothenate, 200 nmol/l isobutylmethylxanthine, 1 µmol/l dexamethasone and 10 µmol/l rosiglitazone. The medium was removed after 3 days and replaced with Ham's F12-HEPES (15 mmol/l), 2 mmol/l L-glutamine and 10% FCS (vol./vol.), supplemented with biotin (33 µmol/l), insulin (100 nmol/l), pantothenate (17 µmol/l) and dexamethasone (1 µmol/l). Then the cells were fed every 2 days with the same medium. Human adipocytes were used 10 to 15 days after the end of the differentiation protocol. More than 90% of the cells presented an adipocyte phenotype.
Real-time PCR RNAs were prepared using a kit (RNeasy total RNA; Qiagen, Courteboeuf, France), treated with DNAse (Applied Biosystems) and used to synthetise cDNAs with a kit (cDNA High-capacity Archive Kit; Applied Biosystems). Real-time quantitative PCR was performed with sequence detection systems (ABI PRISM 7000 or 7500; Applied Biosystems) and SYBR green dye as described previously [12] . mRNA levels were expressed relative to RPLP0 or Rplp0, which was used as an invariant gene (ΔC t =C tR −C tRPLP0 ). The relative amount of mRNA between two groups was determined by using the second derivative maximum method. The results were expressed relative to the mean of the group of controls which was arbitrarily assigned to a value of 1.
Western blots Total homogenates were prepared in Laemmli buffer from adipocytes, adipose tissues or skeletal muscles. Proteins (40 µg) were separated by SDS-PAGE, transferred to polyvinylidene difluoride (PVDF) membranes and incubated with anti-sortilin antibodies. Horseradish peroxidase-coupled anti-species antibodies were then added and chemiluminescence was detected using Fujifilm Las-3000 apparatus (Fujifilm Life Science, F.S.V.T, Courbevoie, France). The same membrane was re-probed with anti-tubulin antibodies as a loading control. Signal quantification was performed using the MultiGauge software (Fujifilm Life Science) and sortilin level was normalised to that of tubulin.
Statistical analysis Statistical significance between two groups (mice or human) was determined using nonparametric Kruskal-Wallis test. p<0.05 was considered to be significant. For the analysis of the significance between various cell treatments, we used Student's paired t test. Search for correlation between two variables was performed by Pearson analysis on ranks. The analyses were performed with MINITAB software (Minitab, State College, PA, USA).
Results
The abundance of sortilin is decreased in white adipose tissue and skeletal muscle of obese db/db mice compared with their lean db/+ littermates We first aimed to determine whether the production of key proteins involved in the control of GLUT4 intracellular trafficking was modified in the db/db mice, a genetic model of murine obesity and diabetes. We focused on: (1) the vesicle SNARE/target SNARE complex and their regulators, i.e. VAMP2, syntaxin 4, MUNC18C, SYNIP, which play an essential role in the insulin-regulated tethering/fusion of GLUT4-containing vesicles from the IRC to the plasma membrane; (2) proteins involved in GLUT4 targeting to the IRC, i.e. GGA1, sortilin, syntaxin 6; and (3) the protein AS160 involved at the crossroad of insulin signalling and GLUT4 trafficking, as reviewed [2, 26] . We observed no significant differences between lean and obese mice in the mRNA levels for all proteins studied except for Sort1, which encodes sortilin ( Table 1) . As recently described in human obesity [27] , we found that Munc18c expression was not altered in muscle from db/db mice. Sort1 expression was decreased by~25 and 35% in white adipose tissue and skeletal muscle, respectively ( Table 1, Fig. 1a ). As expected, we observed a profound decrease in the expression of Irs1 mRNA in obese animals compared with their lean controls [28] . Sort1 mRNA expression was also decreased in obese ob/ob mice (0.72±0.09) compared with ob/+ lean mice (1.00±0.04). The amount of sortilin protein was decreased by nearly 70% in white adipose tissue and skeletal muscle of obese db/db mice compared with lean db/+ mice (Fig. 1b, c) . Taken together, our results suggest that the decrease in sortilin levels in db/db mice could result from defects at the mRNA and protein levels.
Obesity is linked to low-grade inflammation that emanates to a large extent from the adipose tissue. Many of these inflammatory factors, including TNF-α, have documented inhibitory effects on insulin action in peripheral tissues, including the adipose tissue itself [6] . We thus determined whether the levels of Sort1 and Tnf-α mRNA are correlated in epidydimal adipose tissues of lean and obese mice and found a negative correlation (Fig. 1d) between the mRNA encoding for these two proteins. This inverse correlation between Sort1 and Tnf-α expression suggests that inflammation may be involved in the downregulation of sortilin in murine obesity.
TNF-α induces the downregulation of Sort1 mRNA expression and the decrease in sortilin production in adipocytes Because Tnf-α and Sort1 mRNA expression were negatively correlated in mice adipose tissues, we investigated whether inflammatory cytokines (TNF-α and IL6) could regulate the expression of sortilin in cultured adipocytes, i.e. murine 3T3-L1 adipocytes and human adipocytes differentiated in culture from primary pre-adipocytes. For that, fully differentiated 3T3-L1 adipocytes were treated with TNF-α and the mRNA (Fig. 2a) and protein levels (Fig. 2b, c ) of sortilin were determined by real-time PCR and western blotting, respectively. TNF-α induced a dosedependent inhibition of Sort1 mRNA expression with a 75% inhibition at a concentration of 50 ng/ml. TNF-α (20 ng/ml) also induced a time-dependent decrease in sortilin protein levels (Fig. 2b, c) . The inhibition reached 70% and 80% after 48 and 96 h of treatment respectively with TNF-α. Because TNF-α induces IL6 secretion in adipocytes [29] , some of the TNF-α effects could have been indirectly mediated through this cytokine. However, this is unlikely, since IL6 did not alter Sort1 mRNA or sortilin levels (Fig. 2a, c) , while it did inhibit mRNA expression of Glut4 (also known as Slc2a4) (Fig. 2a) and largely increased as expected [29] that of Glut1 (also known as Slc2a1) (data not shown).
TNF-α (20 ng/ml) was similarly effective in inducing inhibition of SORT1 mRNA expression (Fig. 3a) and sortilin protein levels (Fig. 3b) in human adipocytes. TNF-α is thus able to decrease the amount of sortilin in murine and human adipocytes mainly through the regulation of its mRNA levels.
Rosiglitazone partially prevents TNF-α-induced inhibition of sortilin production in 3T3-L1 adipocytes and human white adipose tissue explants The deleterious effects of TNF-α on mature adipocytes are thought to be mediated largely through the inhibition of the nuclear hormone receptor peroxisome proliferator-activated receptor γ(PPARγ), an essential transcriptional regulator of adipogenesis also required for maintenance of mature adipocyte functions, as reviewed [30, 31] . We thus determined whether rosiglitazone, a thiazolidinedione with agonistic effects on PPARγ [32] , could interfere with the effect of TNF-α on sortilin Fig. 1 The expression of sortilin is downregulated in adipose tissues and skeletal muscles of obese and diabetic db/db mice. a Total RNAs were prepared from epidydimal white adipose tissues (WAT) and hindleg skeletal muscles (SkM) of six db/+ (white columns) and six db/db mice (back columns). Expression of Sort1 mRNA was analysed by real-time quantitative PCR, normalised to Rplp0 mRNA and expressed in arbitrary units with control values taken as 1. *p<0.05. b, c Homogenates were prepared from the same tissue samples of the mice. Proteins (50 µg) were separated by SDS-PAGE, transferred to a PVDF membrane and incubated with anti-sortilin mAb antibodies followed by horseradish peroxidase-coupled anti species antibodies. Detection was by chemiluminescent reagent and a Fujifilm Las-3000 device. Quantification of sortilin amount (b) was normalised to tubulin expression from six db/+ and six db/db mice. c Representative immunodetection of sortilin and tubulin as loading control for three different mice analysed on the same gel. ***p<0.001. d Tnf-α and Sort1 mRNA levels were quantified in control db/+ (white triangles) and ob/+ (white circles) lean mice, and obese db/db (black triangles) and ob/ob (black circles) mice. A correlation analysis between expression levels of these two mRNAs was performed as described in the Methods section. r=−0.661, p<0.0001 levels. 3T3-L1 adipocytes were treated for 48 h with TNF-α and without or with 1 or 10 µmol/l of rosiglitazone ( Fig. 4a-c) .
As described above, TNF-α induced a decrease in Sort1 mRNA and protein levels. Rosiglitazone (1 µmol/l) partially prevented the effect of TNF-α at both the mRNA (Fig. 4a ) and protein levels (Fig. 4b, c) , although it also slightly inhibited sortilin production itself. The extent of prevention was identical when a higher concentration of rosiglitazone was used, thus indicating that its protective action against the inhibitory effect of TNF-α is only partial.
A 48 h treatment of human adipose tissue explants with 10 ng/ml of TNF-α also induced a 60% decrease in the expression of SORT1 mRNA, as in cultured human and mouse adipocytes; this decrease was partially prevented by the addition of 1 ↑ µmol/l rosiglitazone (Fig. 4d) . The protective effect of rosiglitazone against the deleterious effect of TNF-α thus occurs not only in adipocytes but also in adipose tissue. Taken together, our results suggest that the action of TNF-α on sortilin expression is at least in part prevented by PPARγ activation.
TNF-α-treated mice express lower levels of Sort1 mRNA in white adipose tissue and skeletal muscle Our previous results showed that in in vitro systems TNF-α induced the inhibition of sortilin expression. It is known that the expression of TNF-α mRNA is increased in adipose tissues from obese animals and patients [33, 34] (Fig. 2) , as are TNF-α plasma levels in obese animal models [35] . We thus aimed to determine whether TNF-α could induce a decrease in expression of Sort1 transcripts in vivo. To this aim, mice were treated with TNF-α or vehicle and killed 16 h after injection. Epididymal adipose tissue and hindleg skeletal muscles were removed, total RNA was prepared and sortilin mRNA levels determined by real-time PCR. As shown in Fig. 5a , Sort1 mRNA expression was decreased by 40% in adipose tissue and by nearly 20% in skeletal muscle following TNF-α treatment. In accordance with the involvement of PPARγ in the inhibitory effect of TNF-α on sortilin expression, we found a positive correlation between a SORT1 mRNA level Pparg and Sort1 expression in the adipose tissues of TNF-α-treated mice (Fig. 5b) .
The expression of sortilin mRNA is decreased in subcutaneous adipose tissue of morbidly obese diabetic patients compared with lean controls Our results suggest that the decreased levels of sortilin in obese animals involved TNF-α. Because we found that TNF-α was also able to decrease sortilin expression in human adipocyte and adipose tissue, we next determined whether SORT1 mRNA expression was modified in subcutaneous adipose tissue from obese patients (Fig. 6a) . We observed a 40% decrease in the amount of SORT1 mRNA in subcutaneous adipose tissues from morbidly obese diabetic patients compared with lean individuals. There was also a trend towards a decrease in the group of obese, non-diabetic patients compared with control. However, there was no correlation between SORT1 mRNA levels and fasted glycaemia (data not shown), suggesting that hyperglycaemia as such is not the cause of this difference. Interestingly, we found a significant negative correlation between the expression of SORT1 and TNF-α transcripts in human adipose tissue, as in mice (Fig. 6 ), strongly suggesting that inflammation could also be responsible for sortilin level changes in human obesity.
Discussion
In the present paper, we found that sortilin expression was downregulated in adipose tissue and muscles from genetically obese mice and morbidly obese humans. Sortilin is a major component of the IRC in adipocytes [36] and plays an essential role in the development of the insulinresponsive transport system in cultured adipocytes and muscle cells [21, 37] . Sortilin belongs to a class of type I receptors characterised by the presence of a luminal/ extracellular region containing a cysteine-rich domain homologous to the yeast vacuolar sorting 10 protein and cytoplasmic sequences involved in binding to GGA adaptors [38, 39] . Through the use of these domains, it acts as a Golgi-endosome sorting receptor for some lysosomal proteins [40] and as a Golgi-IRC sorting receptor for GLUT4 and insulin-regulated aminopeptidase (IRAP) [21, 41, 42] . Thus, an attractive hypothesis would be that the decreased amounts of sortilin observed by us in morbidly obese mice and individuals could contribute to defects in glucose transport in adipocyte and muscle. Interestingly, in cultured adipocytes, decreasing sortilin amounts through the use of specific short-hairpin RNA induced inhibition of insulin-induced glucose transport and of the biogenesis of the IRC in an in vitro reconstitution assay [21] . In C2C12 myocytes, the development of insulin-induced glucose transport was enhanced by the overproduction of sortilin [37] . Furthermore, this sortilindependent perturbation of GLUT4 trafficking could alter GLUT4 stability, thus amplifying glucose uptake defects. Indeed, it has been reported that decreasing the amount of sortilin leads to a decrease in the amount of GLUT4 [21] . The decrease in sortilin levels in obesity results from defects in the regulation of its mRNA and protein. Indeed, we observed an 80% decrease in the amount of the protein, TNF-α mRNA level (2 -∆∆C t ) SORT1 mRNA level Control Obese Obese diabetic Fig. 6 The expression of SORT1 mRNA is downregulated in adipose tissues of obese diabetic patients and is inversely correlated with the expression of TNF-α mRNA. a Total RNA was prepared from subcutaneous adipose tissue of control lean participants (white columns) and morbidly obese patients with (black columns) or without (hatched columns) diabetes. The mRNA levels of SORT1 were determined by real-time PCR, normalised to the levels of RPLP0 mRNA and expressed in arbitrary units. *p<0.05. b The mRNA levels of TNF-α were determined as for SORT1 mRNA in the same total RNA samples and a correlation analysis was performed, as described in the Methods section, between SORT1 and TNF-α expression in lean (white circles), obese (white triangles) and obese diabetic (black circles) patients. Sortilin mRNA expression in white adipose tissues and skeletal muscle is inhibited in vivo by the injection of TNF-α. a Total RNA was prepared from epidydimal white adipose tissues and skeletal muscle of mice injected with vehicle (white columns) or TNF-α (black columns) as indicated in the Methods section. mRNA levels of sortilin were determined by real-time PCR, normalised to the levels of Rplp0 mRNA and expressed in arbitrary units as the mean±SEM of 14 mice in the control group and of 16 mice in the TNF-α-treated group. *p<0.05. b The expression of Pparg was determined in white adipose tissues of control and TNFα-treated mice, normalised to the level of Rplp0 mRNA and expressed relative to the mean of control animals as for sortilin mRNA expression. We then performed a correlation analysis between the levels of expression of Pparg and Sort1 as indicated in the Methods section. r=0.629, p<0.01 while the mRNA was only decreased by 30 to 40%. We identified TNF-α as an agent that controls Sort1 mRNA expression. We found that it inhibited the expression of Sort1 mRNA in vitro in cultured murine and human adipocytes, and in vivo after injection into the mice. We also found that IL1β, which had increased production in obesity and which induced adipocyte insulin resistance [12] , also inhibited Sort1 mRNA expression in 3T3-L1 adipocytes (data not shown), thus suggesting that obesitylinked inflammation could be involved in the downregulation of SORT1 mRNA expression. By contrast, TNF-α is probably not involved in the mechanisms that would explain the more important downregulation of the protein in obese db/db mice. In 3T3-L1 adipocytes, we observed only a slightly more effective downregulation of the protein than of mRNA expression by TNF-α (60% inhibition of mRNA, 70% inhibition of the protein after 48 h with 20 ng/ml TNF-α). To the best of our knowledge, our study demonstrates for the first time that inflammatory stimuli could target proteins involved in GLUT4 trafficking.
We found that treatment with rosiglitazone, an activator of PPARγ, slightly inhibited expression of sortilin, but more importantly partially prevented the TNF-α-induced decrease in Sort1 expression in mouse and human adipocytes. This prevention is only partial, either because TNF-α uses a PPARγ and a PPARγ-independent mechanism to inhibit expression of sortilin or because rosiglitazone only partly prevents the deleterious effects of TNF-α on PPARγ. Regarding the second hypothesis, TNF-α has been shown to regulate PPARγ both at the level of its production and of its activation [31] . In mature adipocytes, thiazolidinedione did not prevent TNF-α-induced decrease in PPARγ amount [43] , but would be able to rescue the inhibition of PPARγ activity. However, we cannot exclude that this protective effect of rosiglitazone could be independent of PPARγ, as already described for some effects of thiazolidinediones [44] . Whatever the explanations, it should now be considered that the insulin-sensitising effect of thiazolinediones on mature insulin-resistant adipocytes could involve the upregulation of sortilin, which would enhance insulininduced glucose transport.
The decreased expression of sortilin could also contribute to insulin resistance because sortilin plays other roles than controlling GLUT4 trafficking. Sortilin binds the lipoprotein lipase at the plasma membrane and targets it towards the degradation pathway [45] . A decrease in sortilin amount could augment fatty acid availability in muscle, thus increasing lipotoxic effects, and could favour adipocyte hypertrophy. Sortilin is a co-receptor for the p75 neurotrophin receptor (p75NTR), allowing high-efficiency pro nerve growth factor [NGF] binding [46] . This pathway is involved in terminal myocyte differentiation and is consequently involved in development of the insulinresponsive glucose transport system in muscle [37] . Such a role in adipocytes remains to be explored. However, NGF and the receptor p75NTR/sortilin are produced by adipose tissue [36, 47] , and both circulating NGF [48] and sortilin levels (present study) are modified in obesity. Sortilin is also the neurotensin-3 receptor, but the physiological role of this neurotensin-activated pathway is not fully understood [38] . The potential involvement of these sortilindependent pathways in the complications of obesity require further investigations.
In summary, our results demonstrate that sortilin, a protein involved in GLUT4 trafficking and possibly in other functions important for muscle and adipocyte biology, is downregulated in obesity in an inflammation-dependent manner. These data therefore identify a new molecular mechanism that could link the chronic low-grade inflammatory state and the development of insulin resistance in obesity.
